Abstract-In this paper, we first derive the maximum power transfer theorem for an induction motor. Then, a nonlinear indirect adaptive sensorless speed tracking controller for the motor with the maximum power transfer is proposed. In this controller, only the stator currents are assumed to be measurable. The rotor flux and speed observers are designed to relax the need of flux and speed measurement. In addition, the rotor resistance estimator is also designed to cope with the problem of the fluctuation of rotor resistance with temperature. Stability analysis based on Lyapunov theory is also performed to guarantee that the controller design here is stable. Finally, the computer simulations and experiments are conducted to demonstrate the satisfactory tracking performance of our design subject to maximum power transfer.
I. INTRODUCTION

I
N THE EARLY research on induction motors, all system states are assumed to be measurable and all parameters are considered known. Under these assumptions, techniques such as field orientation [1] and input-output feedback linearization [2] , [3] are utilized to design the controller. In particular, the controller in [3] is adaptive with respect to both load torque and rotor resistance variations. In these schemes the flux sensors are required, which makes them impractical for implementation. Therefore, the flux observers are then designed to relax the need of flux measurement [4] , [5] . These flux observers are designed under the assumption that the rotor resistance is known. Generally, the value of rotor resistance may drift due to heating of rotor and the observers proposed above are sensitive to such value. Therefore, efforts have been made to design an estimator of the rotor resistance [6] , [7] . Following this research, more efforts have been made to design controllers and flux observers which are adaptive with respect to both system parameters and/or load torque [8] - [11] .
There are many works concerning the sensorless control problem, in which the vector control technique is utilized, and the research results on sensorless vector control have been proposed [12] , [13] , of which analyses are mainly based on the steady-state behavior and only rough proofs are supplied. In [14] , the speed observer is designed and analyzed based on the Lyapunov stability theory. Both observer and controller apply the direct adaptive control scheme coping with the unknown rotor resistance. Because of the complex dynamics of the 0278-0046/02$17.00 © 2002 IEEE induction motor, the overall system analysis is also complex. In [15] , an indirect adaptive scheme is proposed. The controller design is under the assumption that all states are measurable and all parameters except the load torque are known a priori. However, the controller is not actually realizable because the rotor resistance and speed are not available. Therefore, the observers and estimators are designed to provide estimates of those states and parameters, which then replace those measurable quantities so that the closed-loop controller is realizable and stable. Here, we follow this trend to design a full nonlinear adaptive sensorless controller to achieve both speed tracking and maximum power transfer based on the setup with speed and flux observer.
Given the above observation, the developed adaptive controller achieves both objectives of speed tracking and maximum power transfer despite lack of precise information of rotor resistance, payload, and speed. Specifically, to relax the need of speed and flux measurement, we design a set of adaptive rotor speed and flux observer and a rotor resistance estimator in order to replace those unavailable signals in controller design. In this paper, the simulation and experimental results are also given to verify the performance of the controller design.
This paper is organized as follows. In Section I, motivation of this research, related research results in the literature, and the research contribution are addressed. The main part of this paper is from Section II to Section IV. The maximum power transfer theory is derived in Section II and will be used in controller design in Section IV. Section III includes the procedure of observer design which is then analyzed in detail. Also, the simulation and experimental results are provided in Section V and Section VI, respectively. Finally, we make some conclusions in Section VII.
II. MAXIMUM POWER TRANSFER OF INDUCTION MOTOR
If we define a new -frame, called the -frame, rotating in speed to make the stator current vector lie on the axis, a new set of governing dynamic equations can be derived. We rearrange these equations in vector form as (2.1) where the symbols are defined in the Nomenclature. The spatial diagram of vectors in the reference frame is shown in Fig. 1 For simplicity, we define and it has been verified that in [16] . In the steady state, the stator current is defined as , where is the equivalent impedance at the stator input. Thus, the input power of the induction motor can be defined as which is related to in the steady state. Referring to (2.3) and (2.4), the input power can be briefly noted as Note that only the terms with rotor flux are transferred to the rotor part of the induction motor and the rest of them become the loss. Thus, the power transferred to the rotor of induction motor can be rearranged by applying (2.4) and (2.5) as Now, all the terms in the imaginary parts are obviously summed up to zero, and the terms with are the power transferred into the rotor. Therefore, those terms with can be expressed as On the other hand, the matrix product can also be expanded into the following equation:
by applying (2.4), (2.5) , and the definition of . Therefore, the power transferred to the rotor of induction motor in the steady state is maximal if and only if becomes maximal. Under the constraint that is a fixed constant at any time, where (or ) is the -(or -) axis rotor flux, the latter objective can obviously be achieved by realization of the field-oriented control law in the following (using the optimal LaGrange method with a bounded condition [20] ): (2.6) which clearly satisfies the voltage constraint " " at any time. In the above discussion, we have made the conclusion that the maximum power transfer can be achieved when (2.6) is satisfied. It implies that the stator voltage vector and the rotor flux vector are perpendicular to each other and such relationship holds in the fixed reference frame. Therefore, we can also derive the maximum power transfer property here in the fixed reference frame under the constraints (2.7)
III. OBSERVER DESIGN
In general, the dynamics of an induction motor can be expressed as [18] (3.1)
where the meanings of all the variables are listed in the Nomenclature. As mentioned in Section I, the control objective is to fulfill the requirement of speed tracking but under the adverse conditions that no speed and flux measurements are allowed and the rotor resistance is unknown a priori. Furthermore, the whole developed scheme will satisfy the so-called maximal power transfer property. Given such circumstances, the speed tracking controller will have to be developed with ingenious design of various observers which meet the needs of estimating unknown parameters as well as unmeasurable states.
Before we proceed to derive the observers and the controller in the following section, some assumptions will be introduced below to manifest the problem and to make it more tractable.
Assumptions Assumption (A1) comes from the uncertainty of rotor resistance. Its value may vary up to 150% during the operation due to variation of temperature or working condition. Assumption (A2) is a realistic consideration in the actual application of induction motors as has been mentioned in Section I. Finally, assumptions (A3) and (A4) are mainly for technical soundness and are also quite realistic in practical applications. Later in our experiment, step-type desired speed trajectory in fact can be shown to be permissive to our scheme, i.e., assumption (A3) can, in reality, be relaxed.
As has been mentioned earlier, the rotor resistance is assumed unknown due to its fluctuation with temperature and the rotor speed is not measurable since no speed sensor is mounted. To cope with this, we first rewrite and as where is the nominal value of rotor resistance and is the desired rotor speed. Apparently, and stand for the discrepancies from what we know about and . For subsequent simplicity of the problem, we will assume is a constant and , although it is not a constant, will be slowly varying, i.e., is small enough. According to the structure of the dynamics in (3.1), the observers are proposed as follows:
where , and and are the auxiliary control signals to be designed later. Note that the symbol above indicates an observed value whereas the symbol denotes the associated observation error. Now, we can derive the error dynamics by subtracting (3.2) from (3.1) to yield
By careful observation, the right-hand side (RHS) of the first two equations in (3.3) has many terms identical to those on the RHS of the last two equations also in (3.3), but they are with different signs. In order to utilize this property to cancel the unmeasurable terms, we introduce two auxiliary observation errors as (3.4) To force ( ) to approach zero asymptotically, we introduce another set of auxiliary signals ( ) and ( ) into the system, which are related as (3.5) Note that the control signals ( ) are devised to cancel the coupled terms as (3.6) Obviously, and are design variables, but and then will not be available from (3.5). After substituting them into the first two equations of (3.3) and defining new symbols then, we get (3.7) where and .
After investigating the error dynamics of the stator current observer, we now turn to the study of the flux observer. The flux observer dynamics will not be analyzed directly, but instead will be through the analysis of ( ). Our intention is to define control signals ( ) as follows:
So far, we have derived the error dynamics of the observation errors of the stator currents, rotor flux, and those of the auxiliary signals and have specified the controller input ( ). However, the variables ( ) and ( ) are not yet defined, but will be specified in the later Lyapunov stability analysis so that stability condition will hold in both observer and estimator design.
Consider [19] . Now, we have proved the convergence of the observation errors of the stator currents under the premises of Lemma 3.4. The next problem is to prove if the estimation errors of the rotor resistance and the rotor speed have the same convergence property.
To solve this problem, we first make the following definitions:
and rearrange the error dynamics in (3.7) and those equations in (3.11) to yield (3.17) where Now, to prove tends to zero asymptotically, we have to use the conclusion stated in Lemma 3.5 given below.
Lemma 3.5: The system with the form (3.18) is exponentially stable if and only if is persistently exciting (PE), i.e., there exist two positive constant and such that
Proof: The proof of the lemma can be referred to in [15] . Q.E.D.
By Lemma 3.5, we conclude that the system (3.18) is exponentially stable provided is PE. However, from (3.17) the asymptotic convergence property of and may no longer hold due to the forcing term added to the homogeneous system (3.18). To cope with this, we first note that the forcing term in (3.17) with respect to the homogeneous part in (3.18) will be ultimately in the order of the magnitude of under the premises of Lemma 3.4, since ( ) will then tend to zero. Thus, in our observer design, we gradually decrease the values of the control signals ( ) to zero as tends to zero. Under such design, the equilibrium point ( ) of (3.17) remains asymptotically stable so that ( ) tends to zero asymptotically. In turn, this will confirm the hypothesis where the rotor resistance estimate is kept positive and bounded away from the origin in Lemma 3.4. Finally, from (3.3) the fact that and tend to zero asymptotically and that the control signals and converge to zero by (3.8), and will also tend to zero asymptotically. Up to now, we can conclude the satisfactory convergence property provided PE condition holds and ( ) are bounded. After the analysis above, the design of observers can be detailed as in Theorem 1 shown below, whose proof is self-evident from the above arguments.
Theorem 1: Consider the induction motor whose dynamics are governed by (3.1) under the assumptions (A1)-(A4). If the stator current observers and the rotor flux observers are designed as in (3.2), where then the observed speed and flux of the rotor will be driven to the actual speed and flux and the estimate of rotor resistance will also converge to the actual one subject to the control signals designed as follows:
where the auxiliary signals are designed as follows:
for some constants .
IV. CONTROLLER DESIGN
In this section, the controller that achieves speed tracking with maximal power transfer is proposed. The controller can also overcome the variation of the unknown load torque under the indirect adaptive control scheme, i.e., the observer provides all the necessary information to the controller, such as unknown parameter and unmeasurable states. Therefore, throughout the rest of sections we will proceed with our discussion pretending all parameters are known and all state signals are measurable. Thus, all notations used in the sequel will be without "" attached. Before we apply the input-output linearization scheme, we will introduce an assumption on model so that such a scheme can hereby actually applicable. Recall the mathematical model of the induction motor is derived in Section III and is rewritten here in (4.1), where all notations introduced are explained in the Nomenclature.
Assumption (A5):
The damping term of the mechanical subsystem will have negligible effect relative to our control objective so that it will be omitted from our controller design. The new system dynamics of the induction motor are as follows: (4.1) where the symbols are defined in the Nomenclature. First, we define the load torque variation as where is the nominal value of the load torque and is the actual value. Now, we introduce a set of coordinates as follows:
Rewrite the dynamical (4.1) in terms of the new coordinate variables with the maximal power transfer property (see [21] ) as (4.2) where To make the representation more concise, we introduce another coordinate transformation (4.3) where is the estimate of the load torque variation . Define the estimation error of the load torque variation as follows: Now we introduce some modification into the decoupling control in (2.7) as shown below Proof: The proof of the lemma can be referred to in [21] . Q.E.D.
Theorem 2: If the dynamic system of an induction motor can be described as in (4.5), then the rotor speed can be driven to the desired speed with unknown load torque by the controller designed as (2.7), where To proceed with the Lyapunov analysis, we define a Lyapunov function candidate as whose time derivative can be then derived as (4.9) If we let , then from (4.4), it immediately follows that which reveals our adaptation law of the load torque. It is designed to overcome variation of load torque, which then helps to simplify the RHS of (4.9) to yield (4.10) The fact that is negative implies that , are bounded and the negative quadratic form of the RHS of (4.10) implies that . Since is bounded, from (4.6) it can be proved that the states ( , ) are bounded, which immediately implies that is bounded. In addition, according to the fact that both and are bounded from (4.4), the boundedness of can also be proved. Then, from (4.3) we know that is bounded and it immediately follows that ( ) is bounded. Due to the fact that , then it can be directly shown that is bounded. If we recall the power formula which immediately deduces that is also bounded. With the results from Lemma 4.1 and from the definition of , we can also prove that is a bounded function. Then, from (4.6) and the fact that is a bounded function, it follows that are bounded (4.11) Considering (4.8), we can prove that is bounded. Therefore, from Barbalat's Lemma, we have the final result:
. In other words, the controller goal Q.E.D. Up to this point, we thus conclude that through the adaptive input-output feedback linearization, a speed controller with TABLE III  VARIOUS GAINS AND INITIAL VALUES FOR SPEED CONTROL IN  BENCHMARK TEST maximum power transfer property is designed as in Theorem 2 and it can be further proved the controller can operate in the environment whose load torque is an unknown constant.
V. SIMULATION RESULTS
The simulation and experiment are done with a four-pole three-phase squrrel-cage induction motor with rated power 3 hp with a 1000-pulse/rev encoder which is manufactured by TACO Company Ltd., Taiwan, R.O.C., with a delta-connected stator. Detailed parameters and specifications will be found Table I . The software we adopt in simulation is Simulink 3.0 and Matlab 5.2, an excellent product of The MathWorks Inc., Natick, MA. In addition, we use Simu-Drive to combine the motor control card with the Simulink/Real Time Workshop. Then, we can directly apply the simulation program to proceed with our experiment.
In the speed tracking problem, we design the desired speed as a smooth function which satisfies our assumption (A3). Then, the desired speed is a smooth function with known first-and second-order time derivatives. The simulation results will show the performance of the proposed control scheme. In addition, we will show the properties of the state observers and the parameter estimator.
Case 1-Speed Tracking With Unknown Rotor Resistance and Load Torque: We design two kinds of speed trajectories and the results are shown in Figs. 2 and 3 . About the variation of the rotor resistance, its nominal value is 0.53 and it is assumed to vary 50% due to the temperature excursion, i.e., it can reach the maximum value 0.795 . Furthermore, the load torque is assumed to be 5.0 N m. There are several parts in each figure. The results of speed tracking are shown in Fig. 2(a) and (b) and Fig. 3(a) and (b). Figs. 2(c) and 3(c) show the tracking of rotor resistance, and Figs. 2(d) and 3(d) are the observed rotor flux on the axis in the stationary reference frame. Fig. 2 (e) and (f) and Fig. 3 (e) and (f) are stator voltage and current on the axis in the stationary reference frame, respectively. Finally, the controller gains and observers gains are shown in Table II .
From these figures, we can find that the tracking error will tend to zero asymptotically when time goes to infinity. Furthermore, the stator current response, stator voltage, and the performance of flux tracking are satisfactorily shown. From the results, we can conclude that our controller can overcome the uncertainty of rotor resistance and load torque.
Case 2-Speed Tracking Benchmark Results: We perform computer simulations for the benchmark example [17] . The rotor speed is required to change between these values: , 0.1 , 0.25 , and 1.5 during the time interval [0,10] s, where the is 500 r/min. The load torque is 0.5 at s and changes to 0.25 at s, where the is 10 N m, and the rotor resistance variation is 30%.
The simulation result for the speed tracking benchmark is shown in Fig. 4 . In order to apply the theory developed in this paper, especially the assumption on the smoothness of desired speeds, we adopt a smooth function to approximate the step function so that the desired speed is continuously differentiable. One can find that the speed tracking is insensitive to the load torque variation. Furthermore, the speed tracking error will converge despite the variation of the desired rotor resistance. However, when the rotor resistance variation is considered, the error convergence for speed tracking will be slightly slower. Finally, the various gains and initial values used for simulation are listed in Table III. 
VI. EXPERIMENTAL RESULTS
In this section, we first show the overall system in Figs. 5 and 6. Then, in order to check the performance, we have done two experiments with exponential and sinusoidal speed command as in Figs. 7 and 8 . For all of the cases, they are subjected to the load free condition. And the nominal rotor resistance is set as 0.53 (different to the maximal 0.795 in simulation).
To make the experiment the realization of the simulation, the desired speed trajectories of the experiments are assigned as the same as those in simulation. Therefore, it is easy to validate the tracking performance of the proposed controller, and we conduct an experiment to compare our results with those from another controller based on the same scheme of I/O linearization [3] , [21] . Fig. 9 shows the performances of both control schemes under the same conditions (with speed feedback) with the speed command of 120 rad/s.
The control performance can be summarized as follows.
• Due to the effect of load torque and damping effect, the rotor hardly rotates very smoothly, especially in the case of extremely low speed. Therefore, there will be a relatively large error when the rotor is operated near the zero-crossing point.
• For the exponential trajectories, the speed error is nearly limited within 10 r/min. In addition, the speed error is larger for the sinusoidal trajectories because of the phase shift, but are always limited within 50 r/min. • The estimated rotor resistance will approach the actual value.
• Both the stator current and the rotor speed error are smaller than the compared control scheme [3] .
VII. CONCLUSION
In this paper, we have proposed an indirect adaptive sensorless controller with maximum power transfer based on the I/O feedback linearization scheme. In Section II, we derived the maximum power transfer theory via the concept of coupled field and Lagrange multiplier. We can achieve not only better energy Fig. 9 . Comparison of proposed control scheme and [3] at speed 120 rad/s (see [21] ). efficiency through this theory, but can also add one constraint to our control signals [21] . To solve the speed tracking problem, we use the I/O feedback linearization scheme to design our controller. In addition, to cope with the situation where some states, such as flux and rotor speed, are not available and the parameter (rotor resistance) has a shift problem, we first construct the state observers and the rotor resistance estimator to provide the asymptotic accurate values of the states and the parameter. Then, we proposed an adaptive I/O feedback linearization controller subject to the unknown load torque. Finally, we substitute the observed states and estimated rotor resistance into the controller for realization. Finally, both the simulation and experimental results confirm the effect of our control design and the power-saving effect.
